The pH dependence of early steps in the infection of human and other cells by mammalian retroviruses and retroviral pseudotype particles of vesicular stomatitis virus (VSV) was investigated for 10 strains of retrovirus, including C-type and D-type oncoviruses and human lentiviruses. When cells were treated with weak bases (NH4CI and amantadine) to raise the pH of endocytic vesicles, only ecotropic murine leukaemia virus (MLV-E) and VSV showed pH-dependent entry. Pretreatment of retrovirus stocks in media below pH 5.0 did not reduce their titres but inactivated VSV to < 10 -8 of the initial titre. VSV(MLV-E) pseudotype infection in five out of six mouse and rat cell lines was inhibited by NH4CI, indicating that infection proceeds via receptor-mediated endocytosis. In contrast, NH4C1 treatment has no effect on the infection of XC cells in which MLV-E induces syncytia. It is postulated that the pH-independent entry and cell fusion of XC cells by MLV-E may result from the activity of a cell surface proteinase that cleaves viral gp70 at neutral pH.
Introduction
Enveloped viruses enter their host cells by membrane fusion (White et al., 1983; Marsh & Helenius, 1989) . The fusion of viruses such as influenza, Semliki Forest and vesicular stomatitis (VSV) viruses requires exposure of the virus to mildly acid pH (White et al., 1983) . Following attachment to receptors on the cell surface, the virus-receptor complex is internalized via clathrincoated pits and delivered to intracellular vesicles of the endosome compartment. The acidic environment (pH 5.3 to 6-5) within endosomes induces a conformational change in the viral fusogenic envelope glycoproteins, In the case of influenza virus, at least, this conformational change exposes a hydrophobic domain in the haemagglutinin molecule which is believed to interact with the endosomal membrane to initiate the fusion reaction, leading to the release of the viral nucleocapsid into the target cell cytoplasm (Marsh & Helenius, 1989) . In contrast, for some viruses fusion does not require exposure to acid pH and may occur as a direct interaction between the viral envelope and the plasma membrane. Such a pH-independent mechanism is used by paramyxoviruses, such as Sendai virus (White et al., 1983) , and human immunodeficiency virus type 1 (HIV-1 ; Stein et al., 1987; McClure et al., 1988) . Although the process of receptor-mediated endocytosis is usually associated with viruses whose entry is pH-dependent, the endocytic i" Present address: Department of Microbiology, University of Alabama, Birmingham, Alabama 35294, U.S.A. pathway may also be utilized by viruses exhibiting pHindependent fusion.
Weak bases such as NH4C1, amantadine and chloroquine, and carboxylic ionophores such as monensin, prevent the acidification of intracellular organelles reversibly (Mellman et al., 1986) . By raising the endosomal pH they inhibit the conformational changes required for the fusion of pH-dependent viruses and thus inhibit infection (Skehel et al., 1982; Kielian & Helenius, 1985) . However these reagents would not be expected to inhibit the entry of pH-independent viruses regardless of whether they fuse at the cell surface or within endosomes.
As with other enveloped viruses, the entry of retroviruses is also assumed to occur by membrane fusion. The only mammalian retroviruses for which the role of pH in membrane fusion has been reported are ecotropic murine leukaemia virus (MLV-E), mouse mammary tumour virus (MMTV) and HIV-1. Entry of MLV-E into murine cells is sensitive to weak bases and hence would appear to be pH-dependent (Andersen & Nexo, 1983) and require receptor-mediated endocytosis. MLV-E penetration is also inhibited by lowering the cell surface pH (Portis et al., 1985) ; generally endocytosis is reduced at low pH (e.g. 6-0), which may account for this observation (Davoust et al., 1987; Sandvig et al., 1987) . MMTV can induce syncytial formation when infected cells or cells with adsorbed virions are treated with low pH medium, suggesting that the fusion is activated by low pH; however the importance of this in virus entry has not been determined (Redmond et al., 1984) .
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The fusion activity of HIV-1 has been studied in some detail (Stein et In this study we investigated the importance of endosomal pH in mediating the entry of a wide variety of mammalian retroviruses and their VSV pseudotypes in different cell types by measuring the effect of weak bases on infection. These viruses bind to seven different cell surface receptors (Sommerfelt & Weiss, 1990 ) and it was of interest to determine whether their properties of entry might differ.
Methods
Cells. The following cell lines were used in this study. Human: the human osteosarcoma cell line, HOS (McAllister et al., 1971) ; the fibrosarcoma line, HT1080 (Rasheed et al., 1974) ; Raji Burkitt's lymphoma B cells (Epstein et al., 1966) ; HUT78/H9 T cells (H9) (Popovic et al., 1984) ; an adherent subline of CEM T cells (Dalgleish et al., 1984) ; HTLV-l-transformed C8166 cells ; C91/PL cells (Nagy et al., 1983) ; HTLV-II-transformed Toni tonsil cells ; a variant of the rhabdomyosarcoma TE671/RD cell line (Stratton et al., 1989) transfected with and expressing recombinant CD4 (TE671-CD4; P. R. Clapham, personal communication) . Murine: Swiss-3T3 cells (Todaro & Green, 1963) ; NIH-3T3 cells (Jainchill et al., 1969) ; SC-1 cells (Hartley & Rowe, 1975) . Rat: XC ceils, derived from a tumour induced by Rous sarcoma virus (Simkovic et al., 1963) ; 208F, a subclone of Fischer Rat-1 cells (Prasad et al., 1976) ; normal rat kidney NRK cells (Duc-Nguyen et al., 1966) . Mink: mink lung fibroblasts, MvlLu (Henderson et al., 1974) .
Adherent cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 5 to 10% foetal calf serum (FCS) and 2 mM-glutamine. Raji, H9, C8166, Toni and C91/PL cells were grown in suspension in RPMI 1640 medium containing 10~ FCS.
Viruses. VSV (wild-type Indiana serotype, plaque-purified; Weiss & Bennett, 1980) was used in control experiments and for pseudotype production by superinfection of cells infected with retroviruses. The retroviruses were propagated in chronically producing cell lines as measured by reverse transcriptase activity. The HTLV-III RF strain of HIV-1 (provided by R. C. Gallo and M. Popovic) and the LAV-2 ROD strain of HIV-2 (provided by L. Montagnier) were produced in H9 cells and titrated in C8166 cells as described by Clapham et al. (1987) . The human T cell leukaemia viruses (HTLV-I, PL isolate, and HTLV-II, MO isolate, provided by R. C. Gallo) were grown in human T lymphocytes immortalized by these viruses (C91/PL and Toni respectively). Bovine leukaemia virus (BLV) was provided by A. Burny, in foetal lamb kidney ceils. The D-type Mason-Pfizer monkey virus (MPMV) and the C-type RD114 (feline endogenous retrovirus) were grown in H9 cells. Moloney MLV-E was grown in NIH-3T3 cells, and amphotropic (MLV-A, strain 1504), and xenotropic (MLV-X, strain NZB) MLVs in HOS cells (Sommerfelt & Weiss, 1990) . The titres (log~0 p.f.u./ml) of stocks were 9-5 for VSV, and for the retroviral pseudotypes between 3-5 and 4.4.
Pseudotype production and assay. Retrovirus-producing cells were superinfected with VSV at an m.o.i, of approximately 10 p.f.u./cell for 1 h, unadsorbed virus was removed and cells were incubated in complete medium for 12 to 15 h at 37 °C. The harvested medium containing progeny VSV and pseudotype particles was clarified by centrifugation at 2000 r.p.m, for 5 min, and was stored over liquid nitrogen in 1 ml aliquots. Pseudotype virus was prepared by incubation of the phenotypically mixed stocks for 1 h at 37 °C with sheep hyperimmune anti-VSV neutralizing antisera (provided by J. Zavada). VSV pseudotype infectivity was determined by plaque titration on a variety of adherent cells in the presence or absence of the weak bases. For the assay, cells were plated (2 x 105/well) in 30 mm diameter well six-well trays (Sterilin) in normal culture medium and grown for 18 to 24 h. A 30 min incubation in DMEM containing the appropriate drug preceded infection and the drug was present during virus adsorption. Prior to infection with 0-2 ml of serially diluted VSV or VSV pseudotype virus, cells were pretreated with 0.2 ml of DEAE-dextran (25 ~tg/ml) to enhance the rate of adsorption. After 1 h the inoculum was removed, the cells were washed and further incubated for 2 h in DMEM containing the drug. Thus ceils were exposed to the weak bases or carboxylic ionophore for 30 min before infection and fora total of 3 h during and after virus adsorption. For the VSV(HIV-1) and VSV(HIV-2) assay, an overlay of mink cells was added to adherent CEM cells after virus adsorption to enhance plaque formation as infective centres . Following agar overlay (without drug), assay trays were incubated in a CO2 incubator and plaques were counted after l to 2 days. To enhance visualization of plaques the cells were stained with neutral red for 2 h before counting.
Endpoint titration assay in Raft and XC cells. TCID assays of VSV, RD114 and MPMV were carried out by dilution beyond endpoint for the induction of a c.p.e. In Raji cells the c.p.e, induced by VSV was mainly lysis of single cells, whereas that induced by the retroviruses included the appearance of large multinucleated syncytia. RD 114 and MPMV each had a titre of approximately l0 s TCID, and VSV 101° TCID.
For titration of viruses after pretreatment at low pH, Raji cells were used for endpoint TCID assays of VSV, RDll4 and MPMV as described above. Adherent rat XC cells were used for endpoint titration of MLV-E, where infection was scored by the appearance of numerous, scattered syncytia scored 7 days after infection.
Syncytial assays. Retrovirus-producing cells were added in equal volumes to uninfected, receptor-bearing cells and cocultivated overnight. The cultures were fixed and stained in 0.5 ~ methylene blue with 0-16~ basic fuchsin in methanol and the proportion of nuclei in syncytia was scored (Nagy et al., 1983; Sommerfelt & Weiss, 1990) .
EndosomalpH modulators. The weak base NH4CI was used at 30 mM and amantadine and monensin were used at final concentrations of 2 mM and 10 ~tM respectively. The drugs were made up in medium containing 25 mM-HEPES buffer and 5~ FCS at pH 7.6. Control experiments were carried out in RPMI 1640-HEPES with 5% FCS. Cells were treated 30 min before infection and for 3 h after infection. Ceils were incubated during this period without CO2 in medium lacking bicarbonate buffered in 25 mM-HEPES at pH 7.6. To determine the effect of the endosomal pH agents on cellular protein synthesis and DNA synthesis, cells were incubated for l h with 500 ~tCi [35S]methionine or 100 gCi [3H]thymidine (Amersham) respectively. TCA-precipitable cell extracts were counted as a measure of incorporation of radiolabelled precursors into macromolecules.
Results

Effect of inhibitors on cell metabolism, VSV plaque formation and retrovirus infection
Human HT1080 cells and mink lung MvlLu cells were treated with the weak bases, NH4C1 and amantadine, and the carboxylic ionophore, monensin, at doses previously used to inhibit VSV infection of other cell types (McClure et al., 1988) to test their toxicity and effect on VSV infection. Table 1 shows that overall protein synthesis and DNA synthesis was not inhibited markedly at the doses used, whereas the efficiency of plating VSV was less than 10% of that of control assays in each case. In contrast, the plating efficiency of VSV(RD114) pseudotypes was unaffected by NH4CI for HT1080 and mink cells, and by amantadine and monensin for mink cells. However, HT 1080 cells treated with amantadine showed a reduced plating efficiency of VSV(RD114), and HTI080 cells treated with monensin revealed tiny, 'pin-prick' plaques of the VSV(RD114) pseudotype in place of 1 to 2 mm diameter plaques seen in control assays. Therefore NH4C1 was used mainly in further experiments on the pH dependence of virus entry.
The lack of VSV(RD114) inhibition under intracellular pH conditions inhibiting non-pseudotype VSV indicated that the pH dependence of VSV plaque formation can be changed from that of wildztype VSV by the inclusion of retroviral surface glycoproteins in the viral envelope. For HIV-1 we reported that the pH dependence of the pseudotype and the retrovirus is the same (McClure et al., 1988) . We sought to confirm this for C-type and D-type retroviruses. The C-type virus, RD114, D-type virus, MPMV and VSV, were titrated by endpoint dilution in Raji cells to VSV, in the presence and absence of inhibitors. We observed no significant drop in infectivity of RDI14 and MPMV (105 TCID) when cells were treated for a 3 h period at the beginning of infection with 30 mM-NH~C1 or 2 mM-amantadine. Similar treatment of Raji cells reduced the endpoint titre of VSV to 10 -8 of control cultures.
Effect of NH~Cl on the plating of diverse VSV pseudotypes
Having shown that the entry of VSV(HIV-1) (McClure et al., 1988) and VSV(RD114) is pH-independent, like that of the retroviruses themselves, we tested other VSV pseudotypes for pH dependence of plating on human, mink and rodent cells. Table 2 shows that, except for MLV-E, each pseudotype virus was relatively unaffected by NH4C1 treatment (>50% plating efficiency). In contrast, non-pseudotype VSV was significantly inhibited (< 12% plating efficiency). In experiments repeated seven or more times with mink cells the plating efficiency of VSV(HTLV-I) was 88.1% + 16 (S.D.) and for non-pseudotype VSV was 6.3% +_ 3.5. Thus the entry of the retroviruses plated as pseudotypes in Table 2 is not dependent on acidic endosomal pH, except for MLV-E on most cell types.
Syncytium induction by retroviruses
Many of the retroviruses used in this study induce cell-tocell fusion in certain cell types to form multinucleated syncytia (Sommerfelt & Weiss, 1990) . A syncytial index *The virus encoding the envelope glycoproteins of the VSV pseudotype particles is shown. VS¥ and VSV pseudotypes were plated onto cells and maintained for 1 h at 37 °C in the presence or absence of 30 mM-NH4C1. After aspiration of virus and washing of cells, they were incubated for a further 2 h with or without NH4C1. Plating efficiency: p.f.u, in NH 4Cl-treated cultures expressed as a percentage of untreated controls. Mean values of quadruplicate (or more) wells or experiments are shown. The syncytial index is the sensitivity of the assay cells to cell fusion after an 18 h exposure to retrovirus-producing cells: + + +, > 25~ nuclei in syncytia; + +, 5 to 25~ nuclei in syncytia; +, 1 to 5~ syncytia. +, some binucleate cells, -, no discernible multinucleate cells above background.
for the cells used in this study is shown in Table 2 . In these assays the pH of the medium was maintained at 7-4 to 7.6, indicating that where syncytia formed, fusion occurred near neutral pH. It was apparent that some cell types were highly sensitive to syncytium formation by certain retrovirus strains (e.g. HOS and XC cells with HTLV-I), whereas several combinations did not induce syncytia (e.g., mink cells for all retroviruses, XC with MLV-A). Nevertheless, these cells still allowed pHindependent entry of VSV pseudotypes suggesting that additional events may be necessary for the induction of cell fusion. Pinter et al. (1986) reported that cultivation of murine cells infected with MLV-E in the presence of Fungizone (amphotericin B + deoxycholate) enhances virus-mediated cell fusion. We added Fungizone (Gibco, 2.5 ~tg/ml) to the medium in some of the syncytial assays, including MLV-E, and observed enhanced syncytium formation with MPMV and RDll4 in Raji cells but not with the other retroviruses (data not shown).
Host cell-dependent effect of NH4CI on the entry of ML V-E pseudotypes
MLV-E is well known to induce syncytia in rat XC cells (Klement et al., 1969; Zarling & Keshet, 1979) . Andersen & Nexo (1983) showed that penetration of MLV-E into murine cells appeared to be pH-dependent because infection was inhibited by weak bases, as confirmed here. However the syncytial effect of MLV-E in XC cells indicates that the ecotropic gp70 (SU) molecules can initiate membrane fusion at the cell surface at apparently neutral pH. The results in Table 2 show NH4C1 inhibition of VSV(MLV-E) pseudotypes plated on five out of six rodent cell types in contrast to the pH independence of VSV(MLV-A). However in repeated tests, VSV(MLV-E) infection of XC cells was unaffected by . Thus it appears that the fusion-sensitive XC cells are uniquely pH-independent for MLV-E infection. pH independence of retroviruses 771 (Skehel et al., 1982; Doms et al., 1985; Kielian & Helenius, 1985; McClure et al., 1988) . We compared the pH inactivation of three retroviruses, RDll4, MPMV and MLV-E, to that of VSV. Fig. 1 shows that exposure to low pH (6-5 or less) for 60s inactivated VSV infectivity. In contrast, the titres of the retroviruses were unaffected even at the lowest pH.
Effect of pH on virus inactivation prior to infection
Discussion
The early steps in infection are quite well understood for several groups of enveloped viruses that require low pH conditions for membrane fusion (White et al., 1983; Marsh & Helenius, 1989) . The process of entry into cells has not been studied in detail for many retroviruses. Andersen & Nexo (1983) were the first to analyse retroviral entry using B-tropic MLV-E. They observed that entry was inhibited by treating cells with NH4CI and other weak bases during the first 6 h following virus adsorption. Our studies using pseudotypes of Moloney NB-tropic MLV-E corroborate their observations. Redmond et al. (1984) showed that treatment of MMTVinfected cells with low pH medium resulted in cell fusion and concluded that most enveloped viruses, including retroviruses, may enter cells via receptor-mediated endocytosis in a pH-dependent manner. Later reports on HIV-1 (Stein et al., 1987; McClure et al., 1988) have shown that this lentivirus can enter cells equally efficiently in the presence and absence of inhibitors that raise endosomal pH, and that HIV-1 fusion is clearly pHindependent. It is now apparent that generalizations about the mode of entry of mammalian retroviruses should not be drawn; MLV-E and MMTV have pHdependent fusion properties, whereas the others tested here do not. The present study and our previous one on HIV-1 (McClure et al., 1988) show that pseudotypes of VSV bearing retroviral envelope glycoproteins exhibit fusion properties of the donor virus glycoproteins. VSV, in its own coat, is dependent on low endosomal pH to trigger fusion, whereas infection by VSV(HIV-1), and by other VSV pseudotypes with envelopes of most of the retroviruses studied here, is not inhibited when cells are treated with NH4C1 during the first 3 h after adsorption. Our studies with the C-type virus, RDll4, the D-type virus, MPMV, and the lentivirus, HIV-1, indicated that the retrovirus infection itself, like that of the corresponding VSV pseudotype, was not affected quantitatively by NH~C1 treatment.
We cannot exclude the possibility that the retroviral fusion activities are triggered at mildly acidic pH (pH 6-5 to 7.0) as occurs with West Nile virus (Gollins & Porterfield, 1986) , and that the concentrations of weak bases used are insufficient to raise endosomal pH values above this threshold. This seems unlikely, however, because pretreatment of RD114, MPMV and MLV-E stocks at low pH did not inactivate the retrovirus particles irreversibly and because syncytium formation, with at least one cell type for each retrovirus studied, occurred at neutral pH.
The 10 retrovirus strains studied in this report initiate infection by binding to seven different cell surface receptors. RD114 and MPMV share a common receptor and exhibit cross-interference (Sommerfelt & Weiss, 1990) , as do HTLV-I and HTLV-II (Sommerfelt et al., 1988) and HIV-1 and HIV-2, which both bind to the CD4 antigen (Sattentau et al., 1988) . In the case of HIV infection, truncation of the cytoplasmic domain of the CD4 receptor, which precludes cell surface modulation and endocytosis triggered by phorbol ester, does not prevent HIV-I entry or virus-induced cell fusion (Bedinger et al., 1988; Maddon et al., 1988) . However, truncated CD4 molecules still show constitutive endocytosis and recycling (Pelchen-Matthews et al., 1989) and the possibility remains that HIV-1 (Pauza & Price, 1988) and the other retroviruses studied here gain entry via a pH-independent fusion within endocytic vesicles. HTLV-I particles, for example, have been seen in coated pits and vesicles (Clapham et al., 1983; Timar et al., 1987) .
The plating of retroviruses and their pseudotypes does not correlate closely with their ability to induce syncytial fusion of receptor-bearing cells. However, we have observed one striking difference between cells in the pH dependence of virus entry for MLV-E that correlates with sensitivity to syncytium formation. Of the six murine and rat cell lines tested, the entry of VSV(MLV-E) was inhibited by NH4C1 treatment in all cells except XC, which are peculiarly sensitive to MLV-E-induced cell fusion (Klement et al., 1969) . In each of the cell types, including XC cells, VSV infection was sensitive to NH4C1 whereas MLV-A was not. Thus the pHindependent entry of MLV-E in XC cells was specific for that virus and that cell line.
The reason why XC cells are unusually sensitive to MLV-E infection in the presence of NHaCI and to MLV-E gp70-induced syncytium formation remains to be elucidated. Host cell-determined routes of virus entry have not been observed for other enveloped viruses, in which the pH dependence is solely a property of the viral envelope glycoproteins. One explanation for the unusual phenomenon with XC cells might be the expression of a cell surface proteinase able to cleave the gp70 glycoprotein of MLV-E. Andersen (1985 Andersen ( , 1987 has reported that gp70 is cleaved during MLV-E entry, and that MLV-Einduced cell fusion is enhanced by exogenous proteinase treatment (Andersen & Skov, 1989) . It is likely that gp70 cleavage is a required post-adsorption step in the entry of MLV-E into cells (Andersen & Skov, 1989) . In that case, one could postulate that the activity of the proteinases that cleave MLV gp70 normally may be dependent on the low pH of endosomes in most cells, and hence is sensitive to weak bases such as NH~CI.
Our observation that acid treatment before adsorption does not inactivate MLV-E supports the view that low pH per se does not induce the conformational change necessary to trigger membrane fusion. In XC cells, a proteinase-cleaving gp70 may function at neutral pH on the surface of the cells. It will be interesting to determine whether XC cells express a proteinase for MLV-E gp70 on the plasma membrane. It is also possible that the pHindependent retroviruses require cleavage of the outer envelope glycoproteins to allow entry and cell fusion. This may be the case for HIV-1 (Hattori et al., 1989) .
